KIN28 is one of a number of genes identified in yeasts and higher eukaryotes coding for proteins of the cyclin-dependent kinase (CDK) family. KIN28 was identified in Saccharomyces cerevisiae, and its homology to the yeast CDC28 cell cycle kinase gene was noted (40) . The KIN28 gene is required for cell proliferation; after sporulation of diploids carrying a genomic kin28 disruption, mutant spores germinate and undergo several rounds of cell division prior to arresting (40) . Cells from such aborted microcolonies arrest with no specific cell cycle phenotype, however, unlike cells deficient in Cdc28 activity, which arrest primarily in G 1 (24) . Further, KIN28 is unable to complement a temperature-sensitive cdc28 mutation, indicating that it has a different cellular function (40) . The Kin28 protein has been shown to associate with a cyclin-like protein, called Ccl1 (47) . This association was inferred by the ability of CCL1 expressed on a multicopy plasmid to rescue a kin28 temperature-sensitive mutant and demonstrated directly in a two-hybrid assay.
The Kin28 protein copurifies with the yeast transcription factor IIH (TFIIH) holoenzyme (17) . TFIIH plays essential roles both in initiation of transcription and in the nucleotide excision repair form of DNA repair (for a review of TFIIH function, see reference 11). TFIIH consists of a five-protein core complex, which has DNA-dependent ATPase activity, and four additional proteins, which render the holoenzyme capable of phosphorylating the C-terminal domain (CTD) of the large subunit of RNA polymerase II and are required for RNA polymerase activity in vitro in a defined system (46) . Kin28 was identified as one of these additional components. This identification and the observation that a putative human homolog of Kin28 possesses CTD kinase activity in vitro have led to the suggestion that Kin28 may be the yeast CTD kinase and that CTD phosphorylation is necessary for RNA polymerase II activity (17) .
The putative Kin28 homolog in higher eukaryotes, called MO15 (or Cdk7), has been associated with CDK-activating kinase (CAK) activity in vitro (18, 19, 33, 39, 43, 44) . Like the CDKs it phosphorylates, the MO15 (Cdk7) kinase itself requires binding of a cyclin-like protein, cyclin H, for activation (19, 29) . Activation of CDKs by CAK occurs through phosphorylation of a conserved threonine residue, corresponding to threonine 169 in the S. cerevisiae Cdc28 protein and to threonine 160 in human Cdk2. This conserved threonine is absolutely required for cell viability, and its mutation to a nonphosphorylatable amino acid abolishes CDK activity (12, 22) .
Because it is a component of mammalian TFIIH and can phosphorylate both CDKs and the CTD region of RNA polymerase II in vitro, MO15 (and by extension Kin28) has been proposed to be a dual-function kinase, possibly linking control of the cell cycle with transcriptional activation (17, 35) . In this study, we used a temperature-sensitive mutant of KIN28 and a hemagglutinin epitope (HA)-tagged KIN28 (KIN28-HA) to explore the function of the Kin28 protein. We show that Kin28 plays an essential role in mRNA transcriptional initiation or elongation in vivo and that loss of Kin28 function leads to a decrease in the steady-state levels of various cellular transcripts. We also show, however, that loss of Kin28 function has no effect on the phosphorylation state of Cdc28 in vivo and that immunodepletion of Kin28 from yeast lysates does not diminish CAK activity measured in vitro. Finally, we show that immunoprecipitated Kin28 can phosphorylate a CTD homologous peptide but, in direct contrast to MO15 (Cdk7), possesses no in vitro CAK activity.
MATERIALS AND METHODS
Yeast strains and media. The yeast strains used for transcriptional studies and for in vivo labelings were derivatives of BF264-15DU (MATa ade1 his2 leu2-3,112 trp1-1 ura3Dns bar1) (34) . Disruption of KIN28 in a BF264-15DU diploid was accomplished as follows. (i) PCR products containing the KIN28 coding region plus intron were generated from yeast genomic DNA by using oligonucleotides containing BamHI sites, ligated initially into the T-tailed plasmid pCRII (Invitrogen), and placed under control of the GAL1 promoter of either YCpG2 (CEN4, URA3, and LEU2) or YEpG3 (2m origin and LEU2) by ligating at the BamHI site (34) . (ii) Plasmid YEpG3-KIN28 was digested with MscI, which cuts at nucleotide 632 of the published KIN28 sequence (40) , and a 1.1-kb bluntended URA3 gene (a gift from Nick Marini) was ligated to the linearized plasmid. Correct constructs were selected in Escherichia coli X82 (F Ϫ ura trpC60 pyrF287 hisG1 lacZ53 rpsL8 Ϫ ) on M9 medium lacking uracil and confirmed with BamHI digests. (iii) Plasmid containing URA3-disrupted KIN28 was cut with BamHI, the 2.2-kb insert was purified from an agarose gel, and the insert was used to transform a yeast diploid (13) . Disruptions were confirmed by sporulation of the diploid and checking for 2:2 segregation of normal and aborted colonies (40) . Haploids containing genomic disruptions of KIN28 were obtained by transforming diploids heterozygously disrupted for KIN28 with plasmid YCpG2-KIN28, sporulating, and selecting for uracil and leucine prototrophs requiring galactose for growth.
Yeast cultures for transcriptional studies and for in vivo labelings were grown in synthetic medium (0.67% yeast nitrogen base without amino acids, 2% dextrose or galactose as indicated) supplemented with amino acids, adenine, and uracil as indicated. Sporulation was induced on medium containing 1% potassium acetate (38) .
Creation of temperature-sensitive alleles of KIN28. A 1.2-kb fragment containing the KIN28 coding region, intron, and approximately 130 bp of 5Ј flanking sequence was amplified by PCR using yeast genomic DNA and oligonucleotides containing XhoI and BamHI restriction sites and ligated initially into pCRII. The influenza virus HA-tagged CDC28 sequence from plasmid pSF19 (CEN4 and TRP1; a gift from Peter Sorger) was excised with XhoI and BamHI and replaced with the amplified KIN28 sequence, creating plasmid pSF-KIN28. The resulting construct was used as a template for PCR mutagenesis using a protocol modified from that of Leung et al. (27) . Briefly, 30 rounds of PCR amplification were carried out in the presence of 1.5 mM MgCl 2 , 0.25 mM MnCl 2 , and either 0.2 mM each deoxynucleoside triphosphate or 0.2 mM dCTP, 0.2 mM dTTP, 0.05 mM dATP, and 0.05 mM dGTP, using oligonucleotides containing XhoI and BamHI restriction sites. These reaction products were pooled and digested with NdeI and BamHI and used to replace the wild-type KIN28 coding sequence of pSF-KIN28. The mutagenized KIN28 pool was then transformed into E. coli for amplification, and this pool as well as wild-type pSF-KIN28 was used to transform haploid yeast cells containing the genomic kin28::URA3 allele rescued by YCpG2-KIN28. Yeast cultures were grown in nonselective media for four to six doublings prior to transformation to facilitate loss of plasmid YCpG2-KIN28. Transformants were initially selected at 25ЊC on medium lacking tryptophan and then replica plated at 37ЊC to screen for temperature-sensitive mutations. Loss of plasmid YCpG2-KIN28 was confirmed by testing for leucine auxotrophy in all strains used. Potential temperature-sensitive alleles were confirmed by isolating plasmids from yeast cells and retransforming the kin28::URA3 strain. One temperature-sensitive strain, designated kin28-ts16, and a kin28::URA3 strain carrying the wild-type plasmid pSF-KIN28 were chosen for this study.
For determination of the rate of degradation of CLB2 transcript in the KIN28 wild-type and kin28-ts16 strains, plasmid YIpG2-CLB2 (a gift from Daniel Lew) was linearized at the unique HpaI site and integrated at the LEU2 locus. Dideoxy sequencing (36) was performed to verify the wild-type KIN28 sequence and to locate the mutations in the kin28-ts16 allele.
Northern (RNA) blot analysis and GAL1 shutoff. Total RNA was isolated from approximately 2 ϫ 10 8 cells by bead lysis in the presence of 400 l each of lysis buffer (0.2 M Tris-HCl [pH 7.5], 0.5 M NaCl, 10 mM EDTA, 1% sodium dodecyl sulfate [SDS] ) and phenol-chloroform-isoamyl alcohol (25:24:1) for 10 min at 4ЊC. Samples were centrifuged 15 min at 12,000 ϫ g, and the aqueous phases were extracted once more with phenol-chloroform-isoamyl alcohol. Samples were stored as ethanol precipitates at Ϫ70ЊC until used. Total nucleic acid was determined by A 260 after resuspension of aliquots of the ethanol precipitates in water. For Northern analyses, 30 g of RNA from each sample was electrophoresed on a 1.2% agarose gel in the presence of formaldehyde as described previously (30) . For the GAL1 shutoff experiment, 20 g of RNA from each sample was electrophoresed. RNAs were then transferred to BioTrans nylon membranes (ICN), cross-linked to the membranes with UV light, and probed with isolated DNA fragments labeled with [␣-32 P]dCTP, using a random priming kit and protocol (Boehringer Mannheim). Hybridizations were for 4 h at 65ЊC in 0.4 M NaCl-80 mM NaPO 4 (pH 6.5)-4 mM EDTA-0.8% SDS-10% dextran sulfate with approximately 10 6 cpm of labeled probe per ml. After hybridization, filters were washed sequentially with 30 mM sodium citrate⅐2H 2 O (pH 7)-0.3 M NaCl (2 ϫ SSC)-0.1% SDS for 10 min at 25ЊC, 0.2 ϫ SSC-0.1% SDS for 10 min at 25ЊC, and 0.2 ϫ SSC-0.1% SDS for 30 min at 50ЊC. After autoradiography, filters were exposed to PhosphorImager screens (Molecular Dynamics) for quantitation. For Northern analyses, the same filter was hybridized sequentially with all probes. The filter was stripped between probings with 50% formamide-0.2 ϫ SSC for 30 min at 65ЊC and then washed extensively in 2 ϫ SSC.
Nuclear run-on assay. 2 and treated with 6 U of RNase-free DNase I (Worthington) for 30 min at 37ЊC. Reactions were quenched by the addition of 3.75 l of 0.4 M EDTA and 9 l of 10% SDS, and 0.6 l of proteinase K (RNase free; 10 mg/ml) was added for 30 min at 37ЊC. Samples were then extracted with phenol-chloroform-isoamyl alcohol and treated with 10 l of 5 M NaOH for 10 min on ice. After neutralization by the addition of 100 l of 1 M HEPES (pH 7.5), labeled RNA was ethanol precipitated and resuspended in 1 ml of 10 mM N-tris(hydroxymethyl) methyl-2-aminoethanesulfonic acid (TES; pH 7.4)-10 mM EDTA-0.2% SDS for use as probes. All solutions used were treated with diethyl pyrocarbonate and autoclaved to minimize RNase contamination.
The coding regions for the yeast genes ACT1, CDC28, CLB3, and URA3 were cloned into the multicloning site of pBLUESCRIPT (Stratagene) for amplification in E. coli. Plasmids were then digested with appropriate restriction enzymes to excise the yeast sequences, and digested fragments were purified from agarose gels. Purified fragments were denatured with NaOH, applied to a nylon transfer membrane (MagnaGraph; Micron Separations Inc.) by using a slot blot apparatus, and hybridized with equivalent amounts of labeled RNA as described previously (2) . Approximately 0.5 g of each purified fragment was applied per well, and HindIII-digested lambda DNA markers were used as a control for nonspecific hybridization. After autoradiography, filters were exposed to a PhosphorImager screen for quantitation.
Preparation of cell extracts, immunoblotting, and Cdc28 kinase assays. The preparation of yeast cell extracts by glass bead lysis, immunotechniques, and the assay of Cdc28 kinase activity against exogenous histone H1 were essentially as described previously (45) , with the following modifications. Protein determinations were made by using a dye binding assay (Bio-Rad) with bovine serum albumin as a standard. Assays for total Cdc28-associated kinase activity were performed after immunoprecipitation of 50 g of each lysate with 3 l of antiserum raised against a peptide corresponding to the amino-terminal portion of Cdc28 (49) . After SDS-polyacrylamide gel electrophoresis (PAGE) of the kinase reactions, histone H1 bands were excised from the dried gels and Cerenkov counted to determine relative levels of 32 P incorporation. Immunoblotting was performed after electrophoresis of 90 g of each whole protein extract on a standard SDS-polyacrylamide gel.
In vivo labeling, immunoprecipitation, and peptide analysis of Cdc28 proteins. Yeast cultures carrying a genomic disruption of KIN28 rescued by either wild-type plasmid pSF-KIN28 or plasmid pSF-kin28-ts16 were incubated as indicated with 0.5 mCi of H 3 32 PO 4 (HCl free; ICN) per ml. In a separate experiment, BF264-15DU yeast cultures carrying plasmid pSF19, expressing a carboxyterminal HA-tagged Cdc28 fusion protein (Cdc28-HA) or pSF19-T169A (in which threonine 169 of Cdc28-HA has been changed to alanine; provided by Curt Wittenberg) were continuously labeled for 3 h at 30ЊC with 0.5 mCi of H 3 32 PO 4 per ml. Protein extracts were obtained by glass bead lysis of approximately 10 8 cells with 50 mM Tris-HCl (pH 7.5)-1% SDS-5 mM dithiothreitol (DTT) as described previously (45) . Supernatants were boiled for 3 min and diluted 10-fold with 50 mM Tris-HCl (pH 7.5)-0.5% Nonidet P-40 (NP-40). Both of these solutions contained a protease and phosphatase inhibitor cocktail (80 M phenylmethanesulfonyl fluoride, 2 M pepstatin, 2 M leupeptin, 2 g of aprotinin per ml, 10 mM sodium PP i , 0.5 mM Na 2 VO 4 , 10 mM NaF). Immunoprecipitations were carried out as described previously (45) , using either 5 l of antiserum raised against a peptide corresponding to the C-terminal region of Cdc28 (49) or 10 l of mouse ascites fluid containing monoclonal antibody 12CA5 directed against the HA peptide sequence (48) . Protein was then subjected to standard SDS-PAGE and transferred to nitrocellulose. After autoradiography, either the filter was probed with a monoclonal antibody directed against the PSTAIRE epitope of Cdc28 (50) or filter pieces containing labeled Cdc28 proteins were excised and subjected to partial trypsinization (28) . Following trypsinization, peptides were separated by two-dimensional thin-layer electrophoresis-chromatography as described elsewhere, with the first dimension run in pH 1.9 buffer and the second dimension run in phosphochromatography buffer (3) . Total counts per minute loaded per plate, as judged by Cerenkov counting, were as follows: for Cdc28-HA, 3,195 cpm; for Cdc28-T169A-HA, 1,750 cpm; for KIN28 wild type at 25ЊC, 965 cpm; for KIN28 wild type at 37ЊC, 540 cpm; for kin28-ts16 at 25ЊC, 1,045 cpm; and for kin28-ts16 at 37ЊC, 572 cpm. Plates were then subjected to autoradiography for 72 to 75 h to locate labeled peptides.
Cloning and expression of KIN28 and KIN28-HA for in vitro studies. We used PCR from a yeast genomic library to amplify a 1.25-kb fragment of KIN28 including 131 bp upstream of the ATG start codon, the entire coding region with an 81-bp intron, and 131 bp downstream of the stop codon. The 5Ј oligonucleotide primer was GGCCTGCAGAAGCTTCATTTGAAGTATTG, and the 3Ј oligonucleotide primer was CCGCTGCAGGAATTCCATAATGATGGAAA AG. We also used PCR from a yeast genomic library to remove the 3Ј flanking sequence and tag the Kin28 protein by adding a C-terminal extension of GAYP YDVPDYASLG, which includes an epitope derived from the influenza virus HA protein. We used the same 5Ј oligonucleotide in conjunction with the 3Ј oligo-nucleotide CCGCTGCAGAATTCATCCCAAGCTAGCGTAGTCAGGAAC GTCATATGGATAGGCGCCGTTACGTATTTTTATTGAAGACGG. Amplified fragments were digested with PstI and HindIII, which cleave within the primer sequences, and cloned into the PstI-HindIII sites of the yeast expression vectors YCPlac22 and YEPlac112 (20) . The coding regions of the cloned KIN28 and KIN28-HA genes were sequenced in their entirety to verify that no mutations had been introduced by the PCR. We used PCR to generate a fragment containing the nontagged KIN28 sequence (including upstream and downstream sequences) disrupted by the entire coding region of the LEU2 gene inserted from within codon 93 to within codon 155. Strain YMW2 (W303 background, MATa ade2-1 ade3-22 his3-11,15 leu2-3,112 trp1-1 ura3-1 can1-100; provided by Mark Walberg) was transformed with KIN28::LEU2, and replacement of one chromosomal copy of KIN28 with KIN28::LEU2 by homologous recombination was monitored by PCR using primers lying just outside of the amplified KIN28::LEU2 fragment. YCPlac22 and YEPlac112 bearing nontagged KIN28 or KIN28-HA were transformed into KIN28::LEU2 diploids, which were then sporulated. Leu ϩ Trp ϩ haploids were selected for use in CAK and CTD kinase experiments. All yeast transformations were performed by a lithium acetate method (2). KIN28::LEU2 haploids containing untagged KIN28 or KIN28-HA borne on Trp ϩ plasmids were grown in CM-trp medium (2). Preparation of yeast lysates for CAK and CTD kinase assays. Highly concentrated extracts were prepared following spheroplasting as described by Deshaies and Kirschner (10) . One-liter cultures were grown to an optical density at 600 nm of 1.7. Cells were pelleted by centrifugation at 6,000 rpm in the GS-3 rotor (Sorvall) for 6 min, washed with H 2 O, resuspended in 50 ml of 10 mM DTT-100 mM Tris-HCl (pH 9.2), incubated at 23ЊC for 15 min, pelleted, washed with 100 ml of 1 M sorbitol, and resuspended in 4 ml of digestion buffer (1 M sorbitol, 1 mM MgCl 2 , 1 mM DTT, 50 mM K 2)] and frozen by dripping directly from a cutoff P-1000 tip into liquid nitrogen. Cells were ground manually under liquid nitrogen, using a mortar and pestle. The thawed lysate was clarified by centrifugation in a TL100.3 rotor (Beckman) at 70,000 rpm for 15 min and desalted into B91 on a Sephadex G-25 column. The pooled protein-containing fractions were centrifuged in a TL100.3 rotor at 60,000 rpm for 10 min, and the supernatant was aliquoted and frozen in liquid nitrogen. The concentrations of the lysates were 25 to 27 mg/ml. For immunoprecipitations, lysates were diluted three-or ninefold into EB (15 mM MgCl 2 , 20 mM EGTA, 10 mM DTT, 80 mM K ϩ -␤-glycerophosphate [pH 7.3], 10 g each of leupeptin, chymostatin, and pepstatin) containing 1 mg of ovalbumin per ml and 1% NP-40 and precipitated with 1 l of antibody 12CA5 (the minimum necessary to clear lysates of HAtagged antigens) and 30 l of protein A-agarose beads per 300 l of diluted lysate.
Immunological methods for CAK and CTD kinase assays. HA-tagged proteins were immunoprecipitated with monoclonal antibody 12CA5 (48) produced from an ascites tumor. Antibody in EB containing 1 mg of ovalbumin per ml and 1% NP-40 was prebound to washed protein A-agarose beads for 1 h. Samples to be immunoprecipitated were added in the same buffer to washed, antibody-bound beads, and the tubes were rotated at 4ЊC for 1 h. Immunoprecipitates were washed in the same buffer and then typically resuspended in the same buffer without the NP-40 or ovalbumin. Immunoprecipitates for immunoblotting were resuspended directly into SDS-PAGE sample buffer. Samples for immunoblotting were not boiled prior to electrophoresis so that the antibody chains would remain together. Gels for electrophoretic transfer were incubated in 25 mM Tris base-192 mM glycine-15% (vol/vol) methanol for 15 min. Proteins were transferred to Immobilon P membranes (Millipore) at 54 V (ϳ420 mA) for 3 h in the Hoefer model TE42 Transphor unit. Molecular weight markers were visualized by staining with Ponceau S. The membranes were blocked by incubation for 1 h in TBST (154 mM NaCl, 10 mM Tris-HCl [pH 8.0], 0.1% [vol/vol] Tween 20) containing 5% nonfat dry milk and incubated overnight with a 1:5,000 dilution of antibody 12CA5 in the same buffer. The filter was rinsed once in the same buffer and then four times for at least 15 min each in TBST. The washed filter was then incubated with a horseradish peroxidase-linked donkey anti-mouse secondary antibody (Amersham) diluted 1:2,000 into TBST containing 5% nonfat dry milk. After a 1-h incubation, the filter was washed as described above. Detection was by chemiluminescence using the ECL reagents (Amersham). Twenty-four micrograms of total lysates and an equivalent amount of the supernatant and pellet fractions were electrophoresed in each lane.
CAK assays. CAK assays were performed by a modification of the two-step assay used previously (44) . Ten microliters of a sample to be assayed was mixed with 10 l of CAK assay mix and incubated at 23ЊC for 30 min. The CAK assay mix contained ϳ200 nM Cdk2, ϳ250 nM cyclin B, 25 mM MgCl 2 , 3.3 mM DTT, 6.7 mM EGTA, 2 mM ATP, 1 mM magnesium acetate, 50 g of creatine kinase per ml, 35 mM phosphocreatine, 0.3 mg of ovalbumin per ml, 27 mM K ϩ -␤-glycerophosphate (pH 7.3), and 3 g each of leupeptin, chymostatin, and pepstatin. Human Cdk2-HA was expressed in E. coli and purified exactly as described by Connell-Crowley et al. (7) . Glutathione S-transferase-cyclin B, which contains an N-terminal fusion of the enzyme glutathione S-transferase (41) to a sea urchin type B cyclin, was expressed in E. coli and affinity purified as previously described (42) . Following incubation, 30 l of EB containing 1 mg of ovalbumin per ml was added. The Cdk2 in total and supernatant fractions of yeast lysates (see Fig. 5 and 6 ) was subsequently immunoprecipitated to separate it from other components of the yeast lysate, such as Cdc28, that might also phosphorylate histone H1. Immunoprecipitation was performed with 0.5 l of antibody 12CA5 and 20 l of protein A-conjugated agarose beads per CAK reaction. Washed beads were resuspended in 50 l of EB containing 1 mg of ovalbumin per ml. For the histone H1 kinase assay, 10 l of the sample was added to 6 l of a kinase mix containing 0.25 Ci of [␥- 32 
RESULTS
Disruption of KIN28 and rescue by wild-type or temperature-sensitive KIN28 plasmids. From the published sequence of S. cerevisiae KIN28 (40), we used PCR to amplify from yeast genomic DNA and clone the KIN28 coding region and intron under the control of either a 130-bp noncoding sequence upstream of KIN28 or the galactose-inducible GAL1 promoter. Overexpression of the Kin28 protein from the GAL1 promoter by galactose induction conferred no obvious phenotype to wild-type cells. Constructs containing the KIN28 sequence disrupted by the yeast URA3 or LEU2 gene were used to replace one chromosomal copy of KIN28 in a diploid strain. Disruption in this manner led to aborted haploid colony formation after sporulation (40) . Expression of the GAL1-KIN28 construct in medium containing galactose restored viability to haploid cells carrying a kin28 disruption. Upon shift of these cultures to medium containing glucose, cell viability was lost, but only after many generations, indicating that the Kin28 protein is probably long-lived. The GAL1-KIN28 plasmid construct in the kin28 deletion strain could be replaced by a single-copy plasmid carrying the coding region for KIN28 and 130 bp of noncoding sequence upstream of the start codon. This upstream sequence is apparently sufficient for KIN28 promoter activity, as cell growth and morphology were normal.
To assess more precisely the consequences of loss of Kin28 function, we created temperature-sensitive alleles of KIN28 by PCR amplification of the KIN28 coding sequence under mutagenic conditions. Using this technique, we were able to identify several unique temperature-sensitive kin28 clones. From this set of clones, we chose one, kin28-ts16, for further analysis. Sequencing of this mutant revealed five nucleotide changes in the KIN28 gene, corresponding to four amino acid substitutions: asparagine to aspartic acid at amino acid 123, proline to leucine at amino acid 206, valine to alanine at amino acid 232, and leucine to serine at amino acid 293. Expression of kin28-ts16 under control of the 130-bp upstream sequence was sufficient to rescue the kin28::URA3 disruption at 25ЊC but not at 37ЊC. Cells carrying the kin28-ts16 plasmid grew somewhat slower at 25ЊC than cells carrying the wild-type cognate plasmid, but cell morphology did not appear to be affected. Further analysis of the kin28-ts16 growth defect showed that cell division stopped within 1 to 2 h at the restrictive temperature, though cell viability at 37ЊC was maintained for at least 6 h (data not shown). The kin28-ts16 cells did not exhibit a uniform cell cycle arrest, consistent with observations of the morphology of cells in microcolonies derived from KIN28-disrupted spores noted in this study and previously (40) . Loss of Kin28 function leads to a general decrease in the steady-state levels of mRNAs. In the course of investigating the relationship of Kin28 function to cell cycle progression (see below), we observed that Kin28 function was essential to maintain a variety of yeast transcripts. Using Northern analysis, we found that loss of Kin28 activity led to a rapid decrease in the steady-state mRNA levels of CLB2, encoding the major mitotic cyclin, CDC28, encoding the principal cyclin-dependent kinase, ACT1, encoding actin, and URA3, encoding orotidine-5Ј-phosphate decarboxylase, an enzyme required for uracil biosynthesis (Fig. 1) . The steady-state levels of these mRNAs in the kin28-ts16 extracts declined with half-lives ranging from 20 min for CLB2 to 2 h for ACT1. In contrast, the steady-state levels of rRNAs did not appear to be affected by loss of Kin28 function. Agarose gel electrophoresis of total isolated RNA from wild-type KIN28 and kin28-ts16 cells showed no difference in rRNA levels (not shown).
A decline in steady-state levels of mRNA can be explained by either an increase in the degradation rate of messages or a decrease in the rate of mRNA synthesis. To address the first possibility, we examined the degradation rate of the CLB2 message. CLB2 was placed under the control of the GAL1 promoter, a strong promoter that is rapidly repressed in the presence of glucose (25) . We initially observed a rapid decline in the steady-state level of CLB2 transcript derived from this GAL1-CLB2 allele in kin28-ts16 cells growing in galactose at the restrictive temperature (data not shown), indicating that GAL1 promoter-derived transcripts were also being affected by loss of Kin28 function. Cells carrying either the wild-type KIN28 or kin28-ts16 allele and growing in the presence of galactose were then placed at 37ЊC for 30 min, an interval sufficient to inactivate the kin28-ts16 allele (as judged by the decrease in the steady-state level of CLB2 transcript by approximately 60% ; Fig. 1A ); cells were then rapidly shifted to glucose at 37ЊC. Cells were harvested at various times after the glucose shift, and RNA was isolated for Northern blotting. The relative CLB2 transcript levels in the two strains were determined after probing the blot with labeled CLB2 DNA sequences. As expected, the level of CLB2 transcript in the kin28-ts16 strain grown at 37ЊC prior to the glucose shift was approximately half that of the KIN28 wild-type strain ( Fig. 2A , lanes 0; note the different exposure times for the wild-type KIN28 and kin28-ts16 autoradiographs). Nevertheless, CLB2 message was degraded at the same rate in both strains following the glucose shift ( Fig. 2A) , indicating that loss of Kin28 function did not affect the degradation rate of this message.
We then used a nuclear run-on assay to determine the effect of Kin28 loss on nascent mRNA synthesis. After growth of cells carrying wild-type KIN28 or the kin28-ts16 allele at 25 or 37ЊC, cells were harvested and RNA synthesis was measured by labeling nascent transcripts in permeabilized cells with [␣-32 P]UTP. Total RNA was then isolated, and equivalent amounts of RNA were used as probes against specific yeast DNA coding sequences. The results showed that loss of Kin28 function led to a rapid decline in nascent mRNA synthesis of 80 to 90% within 1 h, depending on the specific transcript (Fig.  2B) . These percentages probably underestimate the extent of the decline, as transcription in the KIN28 wild-type strain generally increased upon shifting to 37ЊC ( Fig. 1 and 2B ). The increased transcription levels seen in the KIN28 wild-type strain are probably a reflection of a general increase in growth rate for this strain upon shifting to the higher temperature. Bulk labeling of RNA in the kin28-ts16 strain was not as dramatically affected by the temperature shift, declining on average about 50% within 2 h. These data extend those of a recent report identifying Kin28 as a component of the yeast TFIIH holoenzyme (17) by showing that Kin28 is essential for mRNA transcription in vivo.
Loss of Kin28 function does not affect the phosphorylation state of Cdc28. On the basis of initial speculation that Kin28 might be the S. cerevisiae homolog of CAK, the CDK-activating kinase in higher eukaryotes, we investigated the effect of loss of Kin28 function on Cdc28 kinase activity. Upon a shift to the restrictive temperature, cells carrying the kin28-ts16 allele lost Cdc28 kinase activity, as measured by the ability of immunoprecipitated Cdc28 to phosphorylate exogenous histone H1 in an in vitro reaction (Fig. 3A) . This loss was quite rapid, approximately 80% within 2 h, and correlated well with the cessation of cell growth. The loss of Cdc28 kinase activity in the kin28-ts16 strain at 37ЊC was not due to a loss of Cdc28 protein, as approximately equivalent amounts of Cdc28 were detected in each lysate (Fig. 3B) . Although Cdc28 inactivation could be accounted for by the loss of mRNAs corresponding to cyclins, the positive regulatory subunits of the active Cdc28 complex, we wanted to investigate the possibility that Kin28 has a second function, that of a CAK. If this were true, loss of Cdc28 kinase FIG. 1. Steady-state mRNA levels in wild-type KIN28 and kin28-ts16 strains. Cells carrying either wild-type KIN28 (KIN28-WT; F) or thermosensitive kin28-ts16 (E) allele were grown at 37ЊC for the indicated times, and total RNA was extracted as described in Materials and Methods. RNAs were electrophoresed on a formaldehyde-agarose gel and transferred to a nylon membrane by capillary action. The membrane was then sequentially probed with 32 P-labeled DNA fragments from the following yeast genes: CLB2 (A), URA3 (B), ACT1 (C), and CDC28 (D). After autoradiography of each sample, relative mRNA levels were determined by exposing the membrane to a PhosphorImager screen. activity in the kin28-ts16 strain might also be due to a lack of Cdc28 phosphorylation at threonine 169, the target of CAK. To test this idea, we performed several in vivo labeling experiments.
We first performed a control experiment in which wild-type yeast cells carrying plasmids expressing either Cdc28-HA or Cdc28-T169A-HA (a mutant CDC28 allele with threonine 169 changed to alanine) were continuously labeled with 32 P i at 30ЊC for 3 h. Immunoprecipitation of Cdc28-HA from these controls demonstrated that mutation of threonine 169 led to an almost quantitative loss of 32 P incorporation into Cdc28 (Fig.  4A) . Thus, threonine 169 appears to be the predominant phosphorylation site in Cdc28.
We then examined the effect of loss of Kin28 function on Cdc28 phosphorylation. Cells carrying either the wild-type KIN28 or the kin28-ts16 allele were continuously labeled with 32 P i for 3 h at 25ЊC or for 5 h at 37ЊC. It has been proposed that activating threonine phosphorylation in CDKs occurs only after cyclin binding and that this threonine becomes dephosphorylated upon cyclin degradation (9, 42, 44) . If Kin28 were the kinase responsible for this phosphorylation event in yeast cells, the labeling protocol used in this experiment should have allowed sufficient time for cyclin turnover and Cdc28 dephosphorylation in the kin28-ts16 strain. Bulk phosphorylation in Cdc28, however, was not significantly affected by loss of Kin28 function under these conditions (Fig. 4A) .
Limited tryptic digestion and two-dimensional thin-layer electrophoresis-chromatography were performed on each of the immunoprecipitated Cdc28 samples as a means of verifying the presence of a single major phosphorylation site, at threonine 169. In the samples carrying wild-type or temperaturesensitive KIN28 alleles, the two-dimensional chromatograms all had one major phosphorylated peptide that migrated equivalently in each case (Fig. 4B) . The several minor labeled pep-
FIG. 2. (A)
Degradation rate of the CLB2 transcript in wild-type KIN28 and kin28-ts16 strains. Cells carrying a genomic GAL1::CLB2 gene and either the wild-type KIN28 (KIN28-WT; F) or thermosensitive kin28-ts16 (E) allele were grown at 25ЊC in galactose-containing medium. Cells were then shifted to 37ЊC for 30 min and transferred to 1/10 volume of glucose-containing medium at 37ЊC. Aliquots of cells were harvested at the indicated times, and total RNA was extracted and probed with a 32 P-labeled DNA fragment from the CLB2 gene as described in Materials and Methods. -, RNA from cells in galactose prior to growth at 37ЊC. The membrane was subjected to autoradiography for 90 min (KIN28) or 4 h (kin28-ts16). Relative CLB2 transcript levels were determined by exposing the membrane to a PhosphorImager screen. (B) Nuclear run-on analysis. Cells carrying either the wild-type KIN28 or kin28-ts16 allele were grown for the indicated times at 37ЊC. Cells were harvested, nascent RNA transcripts were labeled with 32 P, and total RNA was isolated as described in Materials and Methods. The labeled transcripts were used as probes against slot blots carrying yeast DNA fragments as indicated. HindIII-digested lambda DNA fragments were used as a control for nonspecific hybridization. Relative 32 P incorporation into specific transcripts was determined by exposing slot blots to a PhosphorImager screen.
FIG. 3.
Cdc28 kinase levels in wild-type KIN28 and kin28-ts16 strains. (A) Cells carrying either wild-type KIN28 (KIN28-WT; F) or thermosensitive kin28-ts16 (E) allele were grown at 37ЊC for the indicated times. Cell lysates were prepared, and Cdc28 was immunoprecipitated and assayed for activity toward histone H1 as described in Materials and Methods. Basal kinase activity was estimated by parallel immunoprecipitation and assay of Cdc28 from the lysate of wild-type cells grown for 3 h in the presence of 200 ng of ␣-factor per ml (s). Activity was quantified by excising the histone H1 bands from the gel and counting the incorporated radioactivity. (B) Equivalent amounts of lysate from the samples described above were electrophoresed on a standard SDS-polyacrylamide gel and transferred to nitrocellulose. Cdc28 levels were determined by using a monoclonal antibody directed against the PSTAIRE epitope of Cdc28. The lower band in each doublet is Cdc28, and the upper band is a background band that cross-reacts with the antibody. Quantitation of radioactivity with a PhosphorImager revealed no change in the abundance of the major labeled peptide of immunoprecipitated Cdc28 relative to these minor labeled peptides in any of these chromatograms (not shown). The control strain carrying Cdc28-HA also had one major phosphorylated peptide which migrated similarly to those from the KIN28 and kin28-ts16 samples (Fig. 4B ). This species was not as clearly resolved into one spot, however. This appears to be due to incomplete trypsinization of the threonine 169-containing peptide, possibly because of interference from the HA tag. Nevertheless, this phosphorylated peptide was completely absent in the Cdc28-T169A-HA strain (Fig. 4B) , consistent with threonine 169 being the predominant phosphorylated residue in Cdc28 in all samples. The previous experiment may not have detected an effect of loss of Kin28 activity on the Cdc28 phosphorylation state if quantitative phosphate turnover at threonine 169 does not occur during the cell cycle. To test this possibility, we performed an experiment in which cells carrying either the wildtype KIN28 or kin28-ts16 allele were first grown at 37ЊC for 2 h in order to abolish Kin28 function in the mutant strain and then labeled with 32 P i at 37ЊC for 1.5 h. In this case as well, Cdc28 phosphorylation levels were unaffected by loss of Kin28 activity (Fig. 5A) . Immunodetection of Cdc28 by using the monoclonal PSTAIRE antibody showed that the levels of Cdc28 (or Cdc28-HA) in the various samples were equivalent (Fig. 5B) . Parallel cultures given nonradioactive phosphate were tested for in vitro Cdc28 kinase activity; cells carrying the kin28-ts16 allele grown at 37ЊC had an 80% loss in Cdc28 kinase activity relative to those grown at 25ЊC, while cells carrying the wild-type KIN28 allele showed no temperature dependence of Cdc28 kinase activity (not shown, but see Fig.  3 ). Thus, loss of Kin28 function did not affect the position or extent of Cdc28 phosphorylation. In addition, these data suggest that phosphorylation of the threonine 169 residue of Cdc28 in vivo, unlike CDK phosphorylation in vertebrates, is not dependent on the availability of cyclin (9, 42, 44) . FIG. 4 . Cdc28 phosphopeptide analysis in wild-type KIN28 and kin28-ts16 strains. (A) Cells carrying either the wild-type KIN28 (Kin28-WT) or kin28-ts16 allele were continuously labeled with 32 P i at 25ЊC for 3 h or at 37ЊC for 5 h, and control cells expressing Cdc28-HA or Cdc28-T169A-HA were continuously labeled at 30ЊC for 3 h. Cell lysates were prepared and denatured by boiling, and Cdc28 was immunoprecipitated as described in Materials and Methods. Following electrophoresis on a standard SDS-polyacrylamide gel, protein was transferred to nitrocellulose and labeled protein was detected by autoradiography. Note that Cdc28-HA has a lower electrophoretic mobility than native Cdc28. (B) Nitrocellulose strips carrying the 32 P-labeled Cdc28 proteins used for panel A were excised, and Cdc28 was trypsinized as described in Materials and Methods. Trypsinized fragments were separated by two-dimensional thin-layer electrophoresis-chromatography on cellulose plates. The diagram indicates the direction of electrophoresis (E; first dimension) and chromatography (C; second dimension). Trypsinized samples were applied where indicated (ori), and labeled peptides were detected by autoradiography.
Kin28-HA lacks CAK activity but is an active CTD kinase. As CAK activity in S. cerevisiae has not been previously reported, we used a two-part assay to determine whether a yeast lysate could activate CDK/cyclin B complexes in vitro. We anticipated that human Cdk2 would be a suitable substrate for this assay, as it can complement cdc28 mutations in yeast cells (15, 32) . Although cyclin B does not normally bind Cdk2 in vivo, it can readily promote the threonine 160 phosphorylation of Cdk2 by CAK and, unlike cyclin A, does not induce a partial activation of Cdk2 in the absence of threonine 160 phosphorylation (7) . In this CAK assay, a test sample is first incubated with Cdk2 and cyclin B; Cdk2 is then assayed for its ability to phosphorylate histone H1. Essentially the same assay has been used to detect and purify CAK from human, starfish, and Xenopus cells (18, 19, 33, 43, 44) . Figure 6 shows the histone H1 kinase activity of human Cdk2 following incubation with cyclin B and/or yeast lysate. Cdk2-associated histone H1 kinase activity was detectable only after incubation with both cyclin and lysate (lane 4), demonstrating that yeast lysate contains CAK activity.
We wished to assay Kin28 protein directly for CAK activity following its immunoprecipitation from yeast lysate. Because antisera against wild-type Kin28 were unavailable, we constructed DNA fragments encoding either wild-type Kin28 or a fusion protein bearing a carboxy-terminal HA tag (Kin28-HA). When expressed from the KIN28 promoter and carried on either a low-copy-number or multicopy plasmid, both wild-type KIN28 and KIN28-HA rescued cell viability in a haploid kin28::LEU2 disruption strain. In contrast, Xenopus MO15 expressed from a GAL1 promoter and borne on a multicopy plasmid failed to rescue kin28::LEU2 cells in the presence of galactose, even though immunoblotting confirmed the galactose-induced expression of MO15 protein from this plasmid in diploid strains (data not shown).
To determine whether Kin28 was associated with CAK activity, we immunoprecipitated Kin28 from a kin28::LEU2 strain bearing KIN28-HA on a multicopy plasmid. In this strain, all of the Kin28 produced by the cell was HA tagged. Kin28 expression was confirmed by immunoblotting lysate with antibody directed against the HA epitope (data not shown). After immunoprecipitation with the same antibody, essentially all of the Kin28-HA present in the lysate was recovered in the pellet fraction (Fig. 7B, lanes 4 to 6) . Lysates from control strains expressing nontagged Kin28 were unreactive with the anti-HA antibody (lanes 1 to 3) . Quantitative immunodepletion of Kin28-HA had no effect, however, on the level of CAK activity in the yeast lysate ( Fig. 7A; compare lanes 4 and 5) . Moreover, the immunoprecipitated Kin28-HA had no detectable CAK activity (Fig. 7A, lane 6) . We therefore concluded that Kin28-HA was not associated with CAK activity in S. cerevisiae.
To confirm that immunoprecipitated Kin28-HA, despite its lack of CAK activity, was nevertheless enzymatically active, we tested its ability to phosphorylate a synthetic peptide containing repeated sequences matching those in the CTD region of RNA polymerase II. Figure 7C shows that CTD kinase activity was detectable in yeast lysates (lane 1) and that Kin28-HA immunoprecipitated under the conditions used for Fig. 7A and B retained this activity (lane 7). The CTD kinase activity that remained in the supernatant following immunodepletion of Kin28-HA (lane 3) was likely due to the presence in the lysate of other protein kinases possessing redundant, and probably nonphysiological, CTD kinase activities (see Discussion).
In vitro CAK and CTD kinase activities are linked in vertebrates but separate in yeast cells. We compared the CTD kinase and CAK activities of yeast Kin28 with those of Xenopus CAK (Fig. 8) . Highly purified Xenopus CAK exhibited both CTD kinase (upper panel, lane 2) and CAK (lower panel, lane 2) activities. Moreover, the Kin28-HA pellet fraction used for Fig. 7A and B displayed CTD kinase activity (upper panel, lane 4) but not CAK activity (lower panel, lane 4). The amounts of CAK and Kin28 used in these assays were chosen to give approximately equivalent CTD kinase activities (upper panel, lanes 2 and 4). These in vitro experiments suggest that two different kinase activities reside in a single protein complex in vertebrates, but these same two activities are separate in S. cerevisiae.
DISCUSSION
KIN28 and mRNA transcription. We used a thermosensitive allele of KIN28 to investigate the role of the Kin28 protein in transcription. Loss of Kin28 function caused a rapid and drastic decline in the steady-state levels of all mRNAs tested. Steady-state mRNA levels declined with half-lives ranging from 20 min to 2 h; this variance was likely due to inherent differences in the processing and degradation rates of different polyadenylated transcripts. Even though all mRNA transcripts were nearly undetectable within 2 to 3 h of Kin28 shutoff, cells remained viable for at least 6 h. This finding suggests that Kin28 directly regulates mRNA synthesis and that abolition of mRNA synthesis is not a secondary effect of a general loss of viability. The levels of several of the transcripts from cells grown at 25ЊC appear to be higher in the kin28-ts16 strain than Cells expressing Cdc28-HA or Cdc28-T169A-HA were continuously labeled with 32 P i at 25ЊC for 1.5 h. Cells carrying the wild-type KIN28 (Kin28-WT) or kin28-ts16 allele were either labeled with 32 P i at 25ЊC for 1.5 h or grown at 37ЊC for 2 h prior to the addition of label for 1.5 h. Labeled Cdc28 was isolated and analyzed as described for Fig. 4A. (B in the wild-type KIN28 strain. Although we cannot formally rule out unequal RNA loading on the Northern blot, it is possible that these differences are real and reflect (either directly or indirectly) the different growth rates of the strains or are the consequence of some subtle form of regulation of Kin28 synthesis or activity. Further study will be needed to clarify this issue. Although we did not measure rRNA levels directly, two observations suggest that rRNA levels are not directly affected by loss of Kin28 activity. First, the relative levels of total RNA in the wild-type KIN28 and kin28-ts16 strains were not significantly different, even after 4 h of growth at the restrictive temperature. As the majority of total intracellular RNA is ribosomal, this finding suggests that rRNA levels are maintained. Second, the nuclear run-on assay showed significant [␣- 32 P]UTP labeling of RNA in the kin28-ts16 strain even after mRNA transcription was abolished. Additional run-on assays showed that the loss of mRNA transcription in the kin28-ts16 strain was just as dramatic when the RNA probes used were normalized by counts per minute rather than mass (not shown). The bulk of the labeled RNA in these assays, then, is presumably ribosomal.
The specific effect of KIN28 mutation on mRNA transcription reported here is consistent with the recent report that Kin28 is a component of TFIIH, an essential transcription factor containing kinase activity toward the CTD of RNA polymerase II (16, 17) . The CTD region of RNA polymerase II contains multiple tandem repeats of a highly conserved heptapeptide sequence with consensus CDK phosphorylation sites (1, 8) , and in vitro phosphorylation of the CTD region of mouse RNA polymerase II by a p34 cdc2/CDC28 homolog has been reported (5) . The in vitro phosphorylation of a CTD peptide by a 58-kDa kinase encoded by the yeast CTK1 gene has also been reported (26) . It is unclear what physiological role CTK1 plays in transcription, however, as RNA polymerase II phosphorylation still occurs in cells deleted for CTK1, and these cells, though aberrant, are still viable. We have shown in this study that immunoprecipitated HA-tagged Kin28 readily phosphorylates a peptide containing the CTD consensus sequence of RNA polymerase II. These experiments, our results showing a direct relationship between loss of Kin28 function and loss of mRNA transcription, and the observation of others that Kin28 copurifies with TFIIH make Kin28 the most likely candidate for the physiological CTD kinase in S. cerevisiae.
Our results address the role of CTD phosphorylation in transcription, which has been the subject of much debate (for reviews, see references 4, 6, and 11). Partial deletion of the CTD region of yeast RNA polymerase II reduces its ability to recognize the upstream activating sequences of some promoters, and total deletion of the CTD region renders yeast cells inviable (37) . It has been proposed that the phosphorylation state of the CTD region discriminates between transcriptional initiation and elongation; in this model, the CTD region is hypophosphorylated in the preinitiation complex when TFIIH is not bound and becomes hyperphosphorylated during elongation when TFIIH is bound (11, 21) . To date, however, there has been no direct in vivo evidence that CTD phosphorylation is required for RNA polymerase II activity in any species. Our results demonstrate that Kin28 (and hence TFIIH) is essential for the initiation or elongation of RNA polymerase II tran-FIG. 7. Kin28-HA lacks CAK activity but is an active CTD kinase. (A) CAK assay. CAK activity was measured in lysates from two yeast strains containing a disrupted copy of the chromosomal KIN28 gene: a control strain containing wild-type KIN28 on a multicopy plasmid (WT; lanes 1 to 3) and a strain bearing KIN28-HA on the same plasmid (HA; lanes 4 to 6). After immunoprecipitation of Kin28-HA, CAK assays were performed on total lysates (T), supernatants (S), and pellets (P). The assays involving total lysates and supernatants included an additional immunoprecipitation of Cdk2 to separate activated Cdk2 from other lysate components. The CAK assays were performed on 30 g of total lysate and an equivalent amount of the supernatant and pellet fractions. (B) Western blot (immunoblot). Aliquots from samples used for panel A were analyzed by immunoblotting with an anti-HA antibody to detect immunoprecipitated Kin28-HA. (C) CTD kinase assay. Total lysates (T), supernatant (S), and pellet (P) samples prepared as described for panel A were incubated in a kinase reaction buffer in the presence (ϩ) or absence (Ϫ) of a synthetic peptide containing four repeats of the consensus CTD repeat of RNA polymerase II. Phosphorylated peptide was visualized by SDS-PAGE and autoradiography. The specific activity of [␥-32 P]ATP was ϳ250-fold greater in the pellet assays (P; lanes 5 to 8) than in the assays of total lysate (T; lanes 1 and 2) or supernatant (S; lanes 3 and 4). The CTD kinase assays were performed on 72 g of total lysate and an equivalent amount of the supernatant and pellet fractions. Western blots and CAK assays of the samples from this CTD kinase assay gave results (not shown) identical to those obtained with the samples from panels A and B. In parallel, immunoprecipitates used for the CAK assays and Western blots shown in Fig. 7 were assayed for either CTD kinase activity (upper panel, lanes  3 and 4) or CAK activity (lower panel, lanes 3 and 4) . Phosphorylated proteins were visualized by SDS-PAGE and autoradiography. The autoradiogram shown in the upper panel (CTD kinase) was exposed for 30 min at Ϫ80ЊC with an intensifying screen, and that in the lower panel (CAK) was exposed for 12 h at room temperature. Lane 1, no enzyme added; lane 2, highly purified Xenopus CAK; lane 3, pellet fractions from Fig. 7A and B, lanes 3; lane 4, pellet fractions from Fig. 7A and B, lanes 6. Reaction mixtures contained either 4 l of Xenopus CAK purified through the Mono Q step (43) scripts. These results, along with the evidence that Kin28 is a CTD kinase, strongly suggest that phosphorylation of the CTD region of RNA polymerase II is required for mRNA synthesis and cell viability in S. cerevisiae. Kin28 and yeast CAK activity. The thermosensitive allele of KIN28 allowed us to assess the phosphorylation state of Cdc28 in vivo after loss of Kin28 function. Loss of Kin28 activity had no effect on the level of threonine 169 phosphorylation of Cdc28, whether in cells continuously labeled at the restrictive temperature or in cells pulse-labeled after Kin28 shutoff. Moreover, though yeast lysates have abundant CAK activity as measured against an exogenous CDK substrate, immunodepletion of Kin28 did not diminish this activity. Finally, the same immunoprecipitated Kin28 that readily phosphorylated a CTD peptide had no detectable CAK activity, in contrast to Xenopus CAK, which displayed both activities in vitro. Thus, we conclude that Kin28 is not the yeast CAK.
It is interesting that the phosphorylation of Cdc28 remains unaffected even when Cdc28 kinase activity is nearly abolished. This phenomenon was noted previously when yeast cells arrested in G 1 by nutrient starvation were examined (23) . The Northern blot analyses suggest that loss of Cdc28 activity in the kin28-ts16 strain is likely due to depletion of cyclins, which are known to be short-lived (31) . Thus, our data argue that threonine 169 phosphorylation of yeast Cdc28 can occur and/or persist in the absence of cyclins. Nevertheless, threonine 169 is absolutely required for Cdc28 activity and cell viability in S. cerevisiae (unpublished observations), and yeast CAK activity is readily detectable in vitro. Determining the role that threonine 169 phosphorylation of Cdc28 plays in the regulation of Cdc28 activity in the cell cycle will await the identification of the genuine yeast CAK.
CTD kinase and CAK are not identical in S. cerevisiae. Recently, Roy et al. (35) demonstrated that MO15 (Cdk7) is a subunit of highly purified mammalian TFIIH. Concurrently, Feaver et al. (17) sought to establish a functional relationship between CAK and TFIIH by demonstrating that recombinant human CAK and purified yeast TFIIH holoenzyme have indistinguishable kinase activities toward the CTD region of RNA polymerase II. However, the authors were unable to show that yeast TFIIH possessed CAK activity, as would be predicted for a true dual-function kinase. Their explanation for lack of CAK activity in purified TFIIH, that human Cdk2 is a poor substrate for yeast CAK, is contradicted by our experiments showing that human Cdk2 in complex with cyclin B is efficiently activated by yeast lysate. Our data, both in vivo and in vitro, strongly suggest that Feaver et al. failed to detect CAK activity in TFIIH not because they lacked a suitable substrate for their CAK assay but because Kin28 is not the yeast CAK.
Because of their significant sequence identity, Kin28 and MO15 (Cdk7) have been assumed to be functional homologs (17, 33) . Our demonstration that Kin28 is not the yeast CAK points out the danger inherent in this kind of assumption. Indeed, although each is a subunit of TFIIH, only MO15 has been associated with CAK activity. It is possible that a single enzyme in vertebrates can carry out two distinct functions, whereas S. cerevisiae requires two enzymes for these activities. This relationship is the converse of that between vertebrate and yeast CDKs: G 1 -S and G 2 -M cell cycle transitions are controlled by two different enzymes in vertebrates (Cdk2 and Cdc2, respectively) but by a single enzyme in S. cerevisiae (Cdc28). Another possibility, however, is that MO15 (Cdk7), though probably a true CTD kinase, does not correspond to the genuine CAK of higher eukaryotes. The identification of MO15 (Cdk7) as the catalytic subunit of CAK has so far been based entirely on in vitro evidence. It is possible that the relative abundance of TFIIH in the cell, coupled with a possible loss of kinase specificity in vitro, masked the presence of a much less abundant, genuine CAK. In vivo evidence will be required to resolve this issue.
